Kinetic Monte Carlo simulations of B diffusion and activation in preamorphized Si during annealing after solid phase epitaxial regrowth have been used to provide insight into the mechanisms that drive these phenomena. Simulations show that the presence of an initially high active B concentration along with a Si interstitial supersaturation set by end of range defects leads to simultaneous B deactivation and uphill diffusion through the capture of mobile interstitial B in the high concentration region during subsequent anneal treatments. Once the Si interstitial supersaturation decays close to equilibrium values, B clusters dissolve and emitted B diffuses downhill, following the B concentration gradient. The active B concentration at the minimum state of activation becomes higher as the annealing temperature increases as a consequence of a faster increase of the B cluster dissolution rate compared with the formation rate.
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Kinetic Monte Carlo simulations of B diffusion and activation in preamorphized Si during annealing after solid phase epitaxial regrowth have been used to provide insight into the mechanisms that drive these phenomena. Simulations show that the presence of an initially high active B concentration along with a Si interstitial supersaturation set by end of range defects leads to simultaneous B deactivation and uphill diffusion through the capture of mobile interstitial B in the high concentration region during subsequent anneal treatments. Once the Si interstitial supersaturation decays close to equilibrium values, B clusters dissolve and emitted B diffuses downhill, following the B concentration gradient. The active B concentration at the minimum state of activation becomes higher as the annealing temperature increases as a consequence of a faster increase of the B cluster dissolution rate compared with the formation rate. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2203334͔ Solid phase epitaxial regrowth ͑SPER͒ appears to be one of the most promising techniques for achieving acceptable sheet resistance ͑R s ͒ and junction depth values.
1 This technique consists of a preamorphizing implant prior to lowenergy, high-dose dopant implantation and followed by lowtemperature recrystallization. B concentrations up to ϳ2 ϫ 10 20 cm −3 appear to be mobile during regrowth and are electrically active after regrowth.
2,3 B concentrations above that value remain electrically inactive after complete recrystallization 3 and have been associated with the formation of immobile B clusters ͑BICs͒ during the regrowth of the preamorphized layer. 4 The presence of end of range ͑EOR͒ defects that remain beyond the amorphous/crystalline interface after the recrystallization of the amorphous layer leads to additional redistribution of the B profile during subsequent annealing. 3, 5 In this work we analyze the redistribution of B profiles, as well as the time evolution of B deactivation and reactivation during annealing after a low-temperature SPER process. Simulation results obtained by kinetic Monte Carlo are compared to experiments. The activation energies used in our simulations are obtained from calculations or are estimated by fitting experimental data. 6, 7 We consider that B diffuses by the interstitialcy mechanism. 7 The precipitation and immobilization of B atoms are associated with the formation of electrically inactive BICs, i.e., B n I m complexes with n B atoms and m Si interstitials and with total energies reported in Ref. 8 . We consider a simple and commonly used amorphization model of critical defect concentration. 9 We assume that only B concentrations up to ϳ2 ϫ 10 20 cm −3 are incorporated into substitutional positions and are electrically active after regrowth according to experimental data, 3 while above that value B 3 I clusters are formed in agreement with theoretical calculations. 4 This B 3 I configuration is stable in our model, 8 allows some growth ͑to B 4 I m ͒, and does not release many interstitials during the dissolution ͑as it contains only one͒. In our study we have analyzed the electrical activation and the evolution of B profiles for a 0.5 keV, 10 15 cm −2 B implanted in preamorphized Si during annealing after SPER as in experiments reported by Lerch et al. 3 A Ge implant of 30 keV, 10 15 cm −2 , was used to preamorphize up to ϳ55 nm. An annealing at 650°C for 5 s was carried out, which is enough to regrow the amorphous layer ͑SPER anneal͒ but too short to produce significant evolution of EOR defects. The experimental B profile measured by SIMS ͑Sec-ondary Ion Mass Spectrometry͒ after this short anneal was taken as the initial condition in our simulations. The evolution of this B profile was then analyzed during subsequent rapid thermal annealing at temperatures ranging from 750 to 1050°C. Figure 1 shows our simulation results for the time evolution of the active B dose and the Si interstitials stored in small clusters and ͕113͖ defects at the EOR region during annealing at 800°C, after SPER. Experimental data for the evolution of the active B dose reported in the literature are also included. 3 Our simulation results show very good agreement with these experimental values, which were extracted from R s measurements. The active B dose corresponds to a maximum active B concentration of 1.5ϫ 10 20 cm −3 after SPER. During annealing at 800°C, B deactivates until it reaches a minimum at ϳ100 s and then reactivates. The minimum level of activation is reached when the Si interstitial supersaturation decays close to the equilibrium value, as discussed in a previous work.
series of times at 800°C after SPER, obtaining similar results to those reported in experiments. 3 While the active B dose is decreasing ͑time Ͻ100 s in Fig. 1͒ , the B profile shows a loss of B atoms at the region within 4 and 13.5 nm, from B concentration values between 1.5ϫ 10 19 and 2 ϫ 10 20 cm −3 . For 100 s anneal, our simulations show a loss of 3.7ϫ 10 13 B atoms/cm 2 in that region, which is accompanied by an increase in the high concentration region of 2.5ϫ 10 13 B atoms/cm 2 and a gain of only 1.2ϫ 10 13 B atoms/cm 2 in the tail of the B profile. As a result, a net displacement of B towards the high concentration region occurs ͑uphill diffusion͒. Thus, while active B dose decreases uphill diffusion is observed. This occurs until the EOR defects dissolve or evolve to very stable dislocation loops ͑at ϳ100 s in our simulations͒. From that time the active B dose increases and the amount of B in the high concentration region decreases, while the dose in the tail region increases significantly; observations are consistent with downhill diffusion.
We have analyzed the contribution of different mechanisms in B uphill diffusion. Firstly, we have considered the relevance of having preamorphized Si versus crystalline Si. Experiments reported in the literature have shown that this effect is observed in high B concentration profiles in preamorphized Si, but not in crystalline Si. 5 Our simulations reproduce the same observation. In the case of B implants in crystalline Si, a very high fraction of B ͑ϳ95% ͒ is immobilized in inactive BICs after the implantation process, 10 and only a very small fraction of B atoms is able to diffuse. Therefore, the effect of B redistribution is not appreciable. In contrast, in preamorphized Si a significant fraction of B atoms is left in substitutional positions after recrystallization ͑up to ϳ2 ϫ 10 20 cm −3 ͒ and they are able to diffuse upon the interaction with Si interstitials, and thus, may lead to uphill diffusion. Secondly, we have analyzed the effect of B clustering by running a theoretical simulation in which the initial B profile of Fig. 2 is fully active in the presence of EOR defects. According to a previous work, 11 at these high B concentrations BICs form very quickly, leading to similar deactivation levels and B redistribution as in the case of preexisting BICs. However, if we inhibit the formation of BICs while maintaining EOR defects we observe that the B profile only experiences downhill diffusion. This means that B clustering plays a role in B uphill diffusion acting as a trap for mobile B atoms that move towards the high concentration region where they are retained. The gradient of Si interstitials towards the surface set by EOR defects alone is not enough to lead to observable uphill diffusion in sharp B profiles. Thirdly, we have studied the role of EOR damage by running a theoretical simulation, allowing for BIC formation, in which we consider the same initial SPE annealed B profile as in Fig. 2 , but no residual EOR damage beyond the amorphous/crystalline interface. In this case we observed a very slight loss of B atoms in the intermediate region that is only due to B diffusion towards the tail region. Then, we have set the initial B profile in a uniform background of Si interstitials ͑supersaturation but not a gradient of Si interstitials͒, and we observed uphill diffusion. Thus, the presence of a Si interstitial supersaturation is required not only to cause enough B diffusion but mainly to stabilize BICs ͑Ref. 10͒ and keep them acting as a trap for B atoms. From all these observations we conclude that B uphill diffusion needs the presence of initially high substitutional B concentration along with a Si interstitial supersaturation and a trap for mobile B, such as BICs.
To analyze the effect of the annealing temperature in B deactivation and reactivation processes, we have plotted in Fig. 3 the experimental 3 and simulated values for the R s at several times during annealing at different temperatures, extracted from active B concentrations. 10 The figure shows that the curves always present a maximum which increases as the annealing temperature decreases. In this particular case, the maximum R s increases by a factor of ϳ1.4 when going from 750 to 900°C annealing temperature. In our simulations, this increasing factor in the R s is consistent with a similar decreasing factor in the active B dose, which indicates a small contribution of the mobility. Based in the model for cluster kinetics proposed by Rafferty, 12 and assuming that a BIC may shrink by emitting a mobile B i pair, or it may grow by capturing a free B i pair, the overall equation governing BIC kinetics is given by the following equation: 
where k 01 and k 02 are the prefactors of the rate constants, E m B i is the migration energy of B i , E diss B i is the activation energy of the emission of B i from BICs, ͓B cl ͔ represents the concentration of B atoms held in BICs, and ͓B i ͔ the concentration of B i . Assuming that ͓B i ͔ is in equilibrium with the local Si interstitial concentration ͓I͔ and the substitutional B concentration ͓B S ͔, and that ͓I͔ is determined by its formation energy from the dominant local defect, E fគdef I , the concentration of B i pairs is expressed as follows:
where C s represents the number of available lattice sites in the crystal, E bind B i is the binding energy of the B i pair, and C 0 represents the prefactor for the concentration of free Si interstitials. Initially, just after SPER, ͓B S ͔ is high and there is a large Si interstitial supersaturation, and thus, the first term of Eq. ͑1͒ dominates the reaction, leading to the increase of ͓B cl ͔, and thus, B deactivation. When ͓B S ͔ decreases by being incorporated to BICs and ͓I͔ is reduced by the extinction of EOR defects, the second term of Eq. ͑1͒ dominates the reaction, ͓B cl ͔ starts to decrease, and B reactivates. Therefore, the minimum B activation level ͑maximum R s in Fig. 3͒ occurs approximately when the formation and dissolution rates are balanced. This condition sets the minimum ͓B S ͔ as
where E act represents the associated activation energy and is given by ͓͑E diss + E m B i ͒ corresponds to the activation energy of the effective B diffusivity in the presence of a Si interstitial concentration set by E fគdef I . When ͕113͖ defects are dominant, the experimentally measured value is 2.5 eV. 15 For dislocation loops this energy would reach a value in the order of 3.2 eV, 6 slightly smaller than the equilibrium value. 13 When the minimum B activation is reached, the main source for the Si interstitial supersaturation in vicinity of BICs is set by themselves. Since it has been experimentally determined that Si interstitials stored in BICs set a Si interstitial supersaturation lower than ͕113͖ defects 16 but higher than dislocation loops, 6 the term ͑E fគdef I − E bind B i + E m B i ͒ will reach a value ranging from 2.5 to 3.2 eV. Consequently, ͓B S ͔ given by Eq. ͑3͒ has a positive activation energy ͑0 Ͻ E act Ͻ 0.7 eV͒, and therefore, it becomes higher ͑lower R s ͒ as the annealing temperature increases. The experimental data of Fig. 3 + E m B i ͒ϳ3 eV, i.e., a value ϳ0.4 eV lower than the equilibrium B diffusivity. 13 Therefore, the energy of Si interstitials stored in BICs, E fគdef I , would be ϳ0.4 eV above the ground level although Eq. ͑1͒ represents a simplification of our model. However, our simulations reveal the need to maintain the values of E diss B i and E fគdef I in the previous deduced range to obtain results in agreement with experimental data.
In summary, B deactivation and uphill diffusion occur simultaneously, due to the existence of an initially high active B concentration in the presence of a Si interstitial supersaturation that leads to the growth of BICs which retain mobile B in the high concentration region. When Si interstitial supersaturation decays close to equilibrium values, B activation reaches a minimum, BICs start their dissolution, and emitted B diffuses downhill. The active B concentration at the minimum activation level increases with temperature due to the faster increase of BICs dissolution rate compared to their formation rate. 
